The evolution and diversification of animal reproductive modes have been pivotal questions 19 in behavioral ecology. Amphibians present the highest diversity of reproductive modes 20 among vertebrates, involving various behavioral, physiological and morphological traits. One 21 of such features is the amplexus, the clasp or embrace of males on females during 22 reproduction, which is almost universal to anurans. Hypotheses about the origin amplexus are 23 limited and have not been thoroughly tested, nor had they taken into account evolutionary 24 relationships in most comparative studies. However, these considerations are crucial to 25 understand the evolution of reproductive modes. Here, using an evolutionary framework, we 26 reconstruct the ancestral state of amplexus in 686 anuran species; investigate whether the 27 amplexus type is a conserved trait; and test whether sexual size dimorphism (SSD) could have 28 influenced the amplexus type or male performance while clasping females. Overall, we found 29 evidence of at least 35 evolutionary transitions in amplexus type across anurans. We also 30 found that amplexus exhibits a high phylogenetic signal (it is conserved across Anura 31 evolutionary history) and the amplexus type does not evolve in association with SSD. We 32 discuss the implications of our findings on the diversity of amplexus types across anurans. 33 Keywords: Amphibia -ancestral reconstruction -frogs -reproductive modes -sexual 34 dimorphism. 35 36
INTRODUCTION
amplexus', which is difficult to categorize because at different moments the same pair (i.e. 141 male and female) exhibits diverse amplexus positions (Stephenson & Verrell 2003; Berneck 142 et al. 2017) . Therefore, these two species were not included in our analysis. 143 We completed the life history characterization for all species with amplexus data by including 144 male and female body size (i.e. snout-vent-length, SVL) and sexual size dimorphism (SSD). 145 In cases where only the range of body size was available, we used the median values. For the phylogenetic analysis, we obtained 1000 random phylogenies based only on genetic 149 data from Jetz & Pyron (2018) . Then, we ran the analysis 1000 times to evaluate the 150 robustness and include uncertainty in topologies in the R software environment (R Core 151 Team, 2018). Later, we made a stochastic ancestral reconstruction (Bollback, 2006) of the 152 character "type of amplexus" using 1000 trees, with the make.simmap function in 'phytools' 153 R-package version 0.6-99 (Revell, 2012) which is a best-fit character evolution model (Only 154 with 100 trees). We contemplate an "Equal Rate model" (ER) , which assumes that all 155 8 transitions between traits occur at the same rate (Pagel 1994; Lewis 2001) ; and an "All-Rate- 156 Different model" (ARD), which assumes that all transitions between traits occur at different 157 rates (Paradis et al., 2004) . We used the fitDiscrete function in the 'geiger' R-package (v. 158 2.0.6.2; Harmon et al., 2007) to compare the ER and ARD models, and selected the model 159 with the lowest AICc value. We did not generate fully-sampled phylogenies using the 160 taxonomic imputation method to make our ancestral character reconstruction because this 161 approximation has been demonstrated to be inappropriate for this kind of analysis due to 162 increased bias (Rabosky, 2015; Rocha et al., 2016; Jetz & Pyron 2018 the evolution pattern of the trait has been random or convergent; that is, these characters lack 170 phylogenetic signal (Gómez et al., 2010 , Kraft et al., 2007 Revell et al., 2008) . (Revell, 2012) .
177
To test whether the evolution rates of type of amplexus have increased or slowed over time,
178
we used a delta model in fitDiscrete function of 'geiger'. In addition, we calculate the (Fig. 4A ). The greatest number of evolutionary transitions (i.e., 12) occurred between axillary 206 and inguinal amplexus states (Fig. 4A ). Likewise, we found a strong phylogenetic signal 207 amplexus (Pagel´s λ = 0.963, P < 0.0001). In contrast, we found that SSD has a weak 208 phylogenetic signal (Pagel´s λ = 0.266, P = 0.043). We also found that the delta value is equal 209 to 0.694 (SD = 0.208), but when we compare it with a model with delta equal to 1, we found 210 no differences (P = 0.63). Furthermore, we did not find differences in SSD across types of in comparison to other vertebrates. One of s traits is the amplexus, whose evolutionary trends 217 we characterized using a comparative phylogenetic framework. For this purpose, we explored 218 the relationship between the different types of amplexus (or lack thereof) and sexual size 219 dimorphism. Below, we discuss the implications of our findings and generate testable 220 hypotheses for future research on the evolution of reproductive modes in anurans.
221
We found a significant phylogenetic signal in amplexus. This result was anticipated, 222 considering that the amplexus is an aspect of the anuran reproductive behavior that is with prolonged breeding seasons where amplectant males are exposed to lower risks of being 267 displaced by competing males (Duellman & Trueb, 1986; Wells, 2007; Willeart et al., 2016) .
268
If the evolution of the axillary amplexus has been so successful, and this type of and behaviors across a variety of taxa (Andersson, 1994; Losos, 2009; Herrel et al., 2013) .
307
We found a few instances of reversal from the axillary to the inguinal amplexus. A America (Frost, 2019) . As these species are adapted to cold climates, their globular body 317 shape and short legs require a type of amplexus that provides a better grasping potential for 318 males.
319
Contrary to our predictions, we found no relationship between sexual size dimorphism 320 (SSD) and type of amplexus. Differences in body size between the sexes can impose physical 321 restrictions to males for clasping females in a way that cloacas are aligned and egg 322 fertilization is optimized (Davis & Halliday, 1977; Ryan, 1985; Robertson, 1990 ; Bourne, 323 15 1992). Moreover, differences in body size between sexes could reduce the strength with 324 which a male can clasp a female, hence reducing a male's likelihood of being displaced by 325 competing males (Brunning et al., 2010) . It is possible that amplexus type is related to sexual 326 dimorphism in body shape, or the interaction between body shape and size, rather than size 327 dimorphism alone. For instance, in species with globular bodies and short limbs (e.g. genus
328
Breviceps; Nasikabatrachus sahyadrensis), the axillary amplexus is mechanically less 329 feasible. In such species, the male is often very small with respect to the female and, thus, the 330 evolution of "alternative strategies" to enhance amplexus may have been advantageous. We
331
propose that the evolution of mucus skin secretions could have increased the effectiveness of 332 gamete transfer in the absence of an actual clasp.
333
Compared to other amphibian orders, our results reveal some interesting differences. For 334 instance, a recent study involving 114 salamandrid species reports that the ancestral states for 335 this clade were mating on land, oviparity and absence of amplexus (Kieren et al., 2018) . The 336 authors further suggest that the presence or absence of amplexus might be unrelated with the 337 mating habitat. Our results suggest that anurans exhibit many more reproductive modes as a 338 consequence of a higher species diversity, diverse morphology and more diverse reproductive 339 strategies (Hutter et al., 2017; Vitt & Caldwell, 2014; Frost, 2019) . Furthermore, this 340 diversity increases towards tropical regions (e.g., Duellman, 1988; Hödl, 1990; Haddad & 341 Prado, 2005 , 1986; Wells, 2007; Vitt & Caldwell, 2014; Pough et al., 2016; Willaert et al., 2016) . 359 We hope that further studies about breeding behavior in anurans include detailed observations 360 and descriptions that could reveal novelty aspects associated to diversity of breeding 361 strategies in vertebrates, even in those lineages considered as well studied. Table S1 and references, Video S1, and table S2 can be found in DOI: 
